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Internal Oxidation and Oxide

Dispersion Strengthening of Cu and Co Alloys

by
G. H. Meier

I. Kinetics of Internal Oxidation

Internal oxidation has been the subject of numerous investigations during
the past decade and several review articles have been published.l-3 This
process is of interest for a number of reasons. Firstly, its occurrence during
alloy oxidation may be detrimental in that internal oxidation can prevent the
formation of a protective external scale.4 In some cases, however, internal
oxidation has beneficial effects, for example, by improving the adherence of
certain external scales.5 Secondly, internal oxidation provides a method
of introducing second phase particles into analloy which can markedly affect

8,9

the mechanical,6’7 magnetic, and other properties of the alloy. Finally,

internal oxidation kinetic measurements have been used to estimate the

solubility-diffusivity product for oxygen in solid copper,lo-15 silver,13

16,17 and nickel.18

iron,
The kinetics of internal oxidation in simple cases for planar specimens

and alloys in which only one oxide forms have been extensively studied. Often,

however, more complicated specimen geometries are of interest, e.g. in the

internal oxidation of wires or powders and in many alloy systems more than

one oxide forms during internal oxidation. In the present investigation the

effect of specimen geometry has been investigated in the internal

oxidation of cylindrical and spherical specimens of Cu-Ti alloys and the

formation of multiple zones of internal oxidation have been studied in dilutes

Co-Ti alloys.
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A. Internal Oxidation of Cu-Ti Cylinders and Spheres

1. Background

Rate equations for the internal oxidation of flat specimens have been

derived by several authors,ll,12,19,20

assuming diffusion control, for
the case of internal oxidation in the absence of external scale formation.

Wagner20 rigorously solved the diffusion problem and presents equations

from which the penetration of the internal oxidation front may be calculated

s o
as a function of time. For the special case of DB/DO<< Né )/Né L< 1l; where
s
DB and DO are the diffusivities of solute and oxygen respectively, Né ) is
o
the atom fraction of dissolved oxygen at the specimen surface, and Né ) is

the atom fraction of solute in the alloy; Wagner's equation for the front

penetration (£) reduces to
()
Mo P*

£ = 5

\)N( )
B
where t is the oxidation time and v is the stoichiometric coefficient in Bov'
This same equation is obtained more simply by neglecting solute diffusion and
assuming the dissolved oxygen concentration gradient is essentially that which
would exist for a stationary front. This quasi-steady state approximation has
been used by Swisher and Fuch52l to derive an expression for the rate of
penetration of the internal oxidation zone into cylindrical and spherical
specimens, cases which have not been treated rigorausly. The following expression
may be used to describe the rate of internal oxidation of the cylindrical

copper-titanium specimens used in the present investigation.

(r )2 r N(S)D

. 1 2 1,1]_0 o
Ye——- () !-h‘r +2] © ¢ (2)

- 2 vNTi

where

r, is the outer radius of the specimen, cm.

r, is the radius of the unoxidized alloy core, cm.




The corresponding expression for spherical specimens is

3 S
r2 (r.) N( )D
- 1 2 2 3 0O 0
XS —=—= =-1r += = t (3)
3 3 3 r ()
1 VN .
Ti

where
r3 is the radius of the unoxidized spherical core, cm.
The quantities Y and X will be referred to as the penetration parameters.
Experimental verifications of the validity of the quasi-steady state approximation
for the internal oxidation of cylinders have been reported for Cu-Cr21 and
Cu—Zr22 alloys by Swisher and Fuchs and for Cu-Ti alloys in previously published

! There are no published investigations

results of the present investigation.
of the internal oxidation of spheres.

2. Experimental Procedure

The procedure used in studying the internal oxidation of Cu-~Ti

23,24 A similar procedure was used

cylinders has been published previously.
for the xidation of spheres and will be briefly described. Cylindrical

sections approximately one cm in length were cut from a 6 mm diamter, as-swaged,
Cu~0.29 wt pct Ti rod. Hemispherical caps were then machined onto one end of

each rod and the specimens were solution annealed at 850°C for 48 hrs in

evacuated, Ti-gettered Vycor capsules and quenched in ice water. The specimen
surfaces were then prepared by electropolishing in a solution of 750 ml acetic
acid, 150 gm chromium trioxide and 30 ml distilled water using a hollow

copper cathode in the same shape as the specimen. Immediately after electro-

polishing the specimens were packed in a powder mixture of 30 vol pct Cu.O,

2

20 vol pct Cu and 50 vol pct A120 and encapsulated under vacuum in Vycor.

3
The specimens were oxidized by heating the capsules in a Lindberg Hevi-Duty tube
furnace at temperatures of 700, 750, 800, 850, and 900°C for times up to

200 hrs. The specimens were sectioned as shown in Figure 1. From section BB',

which is taken at random through the spherical portion of the specimen,
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r2 = 1? - h2 (4)
1 i
and
2 2 2
= +
r3 12 h (5)
so that rl and r, may be obtained by measurement of ll’ 12, and h on a
polished and etched section such as AA'. Similarly ry and r2 for the cylindrical
gemoetry may be obtained directly from a section such as BB'. Figure 2 shows

the appearance of the internal oxidation zone after etching.

3. Results and Discussion

Figure 3 shows a typical plot of penetration of the internal oxidation

zone (rl-r2 or rl—r3) vs square root of time for the cylindrical and spherical

portions of the same specimen. The curvature of the plots is predicted by
Egns. 2 and 3 whereas a straight line would be expected for a planar specimen.
Figure 4 shows the same data plotted as penetration parameter (X or Y) vs
time. Assuming v=2 f?g)TiOZ precipitates24 these two plots should superpose

No Do )

with slope equal to o as seen from Eqns. 2 and 3. There is some scatter

N
Ti
of data points about each line but the least square lines are seen to nearly
superpose giving calculated values of NéS)Do in close agreement (see Table 1).

The equations best fitting the data of Table 1 are

(s) _ + 10.0 _ 6376022930 cal/mole
NO DO = (3.37 _ 3‘5) exp ( RT ) (6)
for cylinders and
(s) _ + 26.5 64570+3850 cal/mole,
NO D, = (5.17 _ 4.32) exp ( RT ) (7)

for spheres. The results indicate that the equations derived from the quasi-

steady state approximation can adequately describe the kinetics of internal

oxidation of both cylinders and spheres.
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B. Internal Oxidation of Co-Ti Allovs

The studies of the internal oxidation of dilute Cu~Ti alloys have
indicated the presence of several Ti oxides in the precipitates formed in ‘

the Cu-—matrix.24’25

While this is not surprising on thermodynamic grounds, the
structure of the oxides formed at various distances below the specimen surface
as the internal oxidation front moves through is important for understanding the
details of the internal oxidation process. Unfortunately, from this standpoint,
the Ti oxide particles formed in Cu are extremely small24 and make a detailed
structural analysis difficult. Therefore, a study of internal oxidation in the
Co-Ti system was undertaken since one would expect larger oxide particles
to form in a Co rather than Cu matrix. Furthermore, since no detajiled studies
of internal oxidation in Co base alloys have been reported a study of the
kinetics of internal oxidation of Co-Ti alloys offered the opportunity to
determine the permeability of oxygen in Co.

The formation of two or more oxides by internal oxidation has
been observed in several systems but the phenomenon has not been analyzed

. . 26 . . .
in most cases. The work of Levy and Niessen on the internal oxidation of

Ag-Mn alloys indicates the formation of MnO at 750°¢C but suggests the formation

of more than one oxide at 910°C. The formation of Mn_O_ and Mn_O as well as

23 374°

MnO, was reported for internally oxidized Cu-Mn alloys.27 Both SnO and SnO2

are formed in Ag-Sn alloys28 and both Fe3o4 and CuFeO2 are formed in Cu-Fe k
alloys oxidized at high oxygen pressures.

The most detailed study of the formation of multiple oxides by
internal oxidation is the work of Kapteijn3o on the internal oxidation of

Ag-Cu alleys. It was observed that the oxide particles near the internal

oxidation front were Cuzo which was further oxidized to CuO as the local

G e

oxvgen activity was increased by the inward diffusion of oxygen from the
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specimen surface. An intermediate zone containing both Cuzo and CuO was
observed between the Cuzo and CuO regions. The oxidation kinetics were
analyzed using a model due to Meijering31 which is reviewed in Appendix A.
In short this model considers the formation of a lower oxide BOn at a planar
internal oxidation front which lies at a distance £ below the spicimen surface
and the further oxidation of BOnl to a higher oxide BOn2 (or a double oxide)
at a second front at a distance n below the specimen surface. The motion of
both fronts is assumed to be controlled by the inward diffusion of oxygen
so that the ratio

f =n/¢ (8)

is a constant independent of time and concentration of oxidizable solute.

The penetration of the internal oxidation zone is expressed by

2N D
2 00
& —_— 9
£ \ ) t (92)
eff B
where NéO) = mole fraction of solute B initially in the alloy,
Nés) = solubility of oxvgen in the matrix A,
DO = diffusivity of oxygen in A (cmz/sec),
t = time of oxidation (sec),
and neff = an effective stoichiometric coefficient given by
nl(l - £f)
= ———— 10
Reff m (10
_ (n) , (o). % .
where m = (po /po ) °, the sqguare root of the ratio of the local
2 2

oxygen pressure at the intermediate front (n) to that at
the specimen surface.

Eqn. (9) may be compared with the analogous equation describing internal

oxidation in which a single oxide (Bon) is formed

(s)
2N D
-t (11)
N

B

n
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Kapteijn's results obeyed Egn. (9) reasonably well and f was observed to
be independent of oxidation time. No investigation was made of the effect
of varying solute concentration. It should be noted that, for matrix metals

for which NéS)D is unknown, measurements of £ as a function of t for a known

0
Néo) will allow the use of Egn. (9) for the calculation of Nc()S)Do providing
n can be calculated.
eff

Studies of internal oxidation in Co-base alloys are quite rare in the

literature. Nolan and Grundy34 studied the oxide morphologies produced

by internal oxidation of Co-Si alloys containing less than 2 wt% Si. The
SiO2 particles were observed to be spherical near the surface of the alloy
and became larger with increased depth below the specimen surface. At still
greater depth below the surface the oxide particles became elongated in the

direction perpendicular to the specimen surface and eventually grew as

long filaments. This change in morphology with increased depth below the

specimen surface may be understood from the fact that the internal oxidation
front is moving slower the deeper it penetrates which allows more time for the
diffusion of Si to a growing particle before the nucleation of another particle.

This results in an increased particle size with increased depth and eventually

allows the growth of a particle to keep pace with the internal oxida- ;
tion front producing filamentary particles. The increase in particle :
size with depth for spherical particles has been analyzed theoretically by
B8hm and Kahlweit.33 The kinetics of internal oxidation of dilute Co-Si

alloys have been examined briefly by Grundy and Nolan.34

l. Experimental Procedure

1.1 Alloyv Preparation

Co-Ti alloys with Ti contents ranging £rom 0.5 to 7.43 wt percent

were melted in a tungsten arc furnace under an argon atmosphere and drop
cast into a copper mold. The specimen surfaces were prepared by metallographic

polishing through 0.05 micron alumina, annealing for 1 hour at 1000°C, water

R .




~8-

quenching, and then repolishing with 0.05 micron alumina. Care was taken
to insure the surfaces of each specimen were identical.

1.2 1Internal Oxidation Procedure

All specimens were oxidized using a "Rhines pack” technique. The
specimens were packed in a powder mixture of equal parts by weight Co,

1

i

Co304, and A1203 and sealed in evacuated quartz capsules. The Co and !
!

Co304 powder served to establish the oxygen partial pressure at the 1
1

dissociation pressure of CoO while the Alzo served to minimize sintering

3
of the powder to the specimen. Each capsule contained one specimen of each
alloy (0.50, 1.01, 3.01, 4.96, and 7.43 wt percent Ti). Oxidation temperatures
of 900, 1000, and 1080°C were used with at least four oxidation times

being employed for each temperature.

1.3 Optical Microscopy

Oxidized specimens were sectioned perpendicular to the internal oxidation
front, and examined optically in the overpolished and unetched condition. These
observations revealed two parallel zones of internal oxidation with different oxide
colors and morphologies in each. The penetration of both zones was measured
using a filar eyepiece calibrated for each magnification used.

] 1.4 Oxide Structure Determination

Internally oxidized specimens were polished (parallel to the internal

oxidation fronts) to various depths and the crystal structure of the oxide

particles was investigated using a G.E. XRD-5 diffractometer using Co-KOl

radiation. Carkcn extraction replicas were also prepared from the polished

surfaces and examined in a JEOLCO 120U electron microscope operating at an

accelerating voltage of 120 KV.




2. Results and Discussion

The results of this portion of the investigation have been published

5,36

previously3 and will be reviewed briefly here.

2.1 Oxide Morphology and Crystal Structure

The morphology of the internal oxide particles was observed to change
markedly with Ti content, oxidation temperature, and depth below the specimen
surface. Figure 5 shows the oxide morphology in a Co-0.5 wt percent Ti alloy
internally oxidized for 528 hours at 900°c. The penetration of the internal
oxidation zone is indicated at x = £. Also, although not evident on a black-white
micrograph, the color of the oxide particles changed markedly at an intermediate
front indicated at x = n. The particles at x<n exhibited a gray color while
those at x>n were vellow. X-ray and electron diffraction indicates this color
change is associated with a change in crystal structure of the oxide particles.
A third structure is indicated by x-ray diffraction for penetrations x>§
although these particles are not apparent in the optical micrographs.

The comparison of the results from x-ray determinations of the structure

of the oxides and those from optical microscopy presented in Figure 6 appear
confusing since the boundaries of the zones do not coincide for the two
techniques. However, this can be understood if the internal oxidation

process is assumed to occur in the following manner. The oxide nucleates

at the reaction front as §-TiO. However, since there is very little difference
in stability between TiO and Tioz the TiO zone is never observed optically. As
the oxygen activity continues to increase the TiO. reacts with Co and O to form

2
CoTiOB. The reason that a zone containing only Ti0O is observed with x-rays is,
presumably, that the volume fraction of the Tio2 growing around the TiO
particles is not sufficient to give a measurable x-ray intensity. Closer

to the specimen surface the volume fractions of both TiO and Ti02 are

sufficient to produce measurable x-ray intensities. Still closer to the
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surface all of the TiO has been reacted to TiO, and x-rays indicate only TiO

2 2

present. The intermediate front at x = n, observed optically, marks the deepest

position in the specimen where the Tio2 has started to react with Co and O

to form CoTiO3. Again, however, since the CoTiO3 forms as a shell around the

Tio2 requiring diffusion through this layer for further growth, the volume

fraction of CoTiO3 is not sufficient for x-ray observation. Nearer the specimen

surface a significant volume fraction of both CoTiO3 and Tio2 are present and

in the region nearest the surface only CoTiO_ is present.

3

2.2 Kinetics of Internal Oxidation

The penetration of the internal oxidation front (£) and the intermediate
front (n) were measured for each alloy and each temperature of oxidation.
Figure 7 shows & plotted versus the square root of oxidation time for a
temperature of 1000°C. It is observed that the front penetration varies linearly
with t5 for each of the alloys and temperatures in question. It was also
observed that n increases as t12 as well, Table 2 shows the ratio f = n/g
for three alloys 0.50 wt percent Ti (NTi = 0.0061), 1.01 wt percent
Ti (NTi = 0.0124) and 3.01 wt percent Ti (NTi = 0.0370). The ratio

H) but

is independent of time (since both fronts penetrations move as t

increases with both increased Ti content and increased temperature of oxidation.
The linearity of plots of internal oxidation zone penetration versus

square root of time (e.g. Figure 7) indicates the internal oxidation kinetics

should be amenable to description by an expression such as Egn. (9) which

may then be used to calculate the oxygen permeability in Co. The problem

is the calculation of the effective stoichiometric coefficient, N e since

three oxides are formed in Co-Ti alloys. To make this calculation possible

the inner zone (n< x<£) was taken to contain only Tio2 (nl = 2) and the
outer zone (0< x<n) was taken to contain only CoTiO3 (n2 = 3). Table 3
shows the values calculated for Neee calculated from Egn. (10) and the

oxygen permeabilities in Co calculated using Egn. (9) and the slopes of plots
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such as Figure 7. The permeability data for two alloys are plotted in

Figures 8 and 9. The oxygen partial pressure at the specimen surface péO)
2

was taken as the dissociation pressure of CoO37 and pén) was taken from
2
the data of Brezny and Muan38 for the equilibrium
Tioz(s) + Co(s) +502(q)** CoTiO3(s) (12)

The theoretical values of the ratio f calculated from Egqn. (A6), also

shown in Table 3, were used in the calculation of Nés)Do. It must be noted

that the experimental values for £ (Table 2) deviate markedly from the theoretical
values and exhibit an increase with increasing solute concentration. The
difference between the theoretical and experimental values for f is due to
uncertainties in the values chosen for n, and n, and to the fact that the counter-

diffusion of Ti was neglected in the derivation of the rate equations in

Meijering's analysis. 1In order to estimate the effects of uncertainties in n

(s)
0]

1

and n_, upper and lower limiting values for N

2 DO were calculated from

Eqn. (11) assuming values for n of 3 and 1 respectively. These points are

included in Figures 8 and 9 as dashed lines. As can be seen the uncertainties

(s)

in n affect the magnitude of NO

Do but not the activation energy which

is approximately 50 kcal/mole. 1Inclusion of the counterdiffusion of Ti in the

calculations of N(()s)Do requires a reformulation of the rate equations for the

. . . 39 . . . .
case of internal oxidation when two zones are formed. This derivation is

presented in Appendix B. The equation necessary for calculation of NéS)D is

0
(o)
2N
(s), _ _Ti E( -7n) 1
No Do— - 7t . [_ 3 (13)

b

s
which is Egn. (BlS) written for an inner zone of Tioz. Values of Nés)D0

calculated from Egn. (13) are tabulated in Table 4 and are included in

(s) D_. calculated from

Figures 8 and 9. It can be seen that values for No o

Egqns. (9) and (13) agree quite well at 1080°C but deviate somewhat as the

oxidation temperature is decreased. It is felt that the values calculated
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from Eqn. (13) are the most reliable, even though errors are still introduced
due to uncertainties in n,. since n, is eliminated from the calculations and
counterdiffusion of Ti is taken into account. The use of the experimental
rather than theoretical values for f in calculating neff would eliminate most
of the discrepancy between the NéS)Do values calculated from Egns. (9) and (13) so
that for the Co-Ti system the two analyses are almost equivalent. However,

for systems containing a more mobile solute counterdiffusion of solute will be

more important and, whenever possible, use of the analysis in Appendix B

is preferred.

L Srars ot 1A SE e
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II. Structure and Morphology of TiO, Precipitates in Cu

A. Background

1. Primary Particle Size

The morphology of the particles in an internally oxidized alloy is
determined by the competition at the reaction front between the growth of the
existing particles and the nucleation of new particles plus any coarsening
of the particles which occurs after the front has passed. 1In general, small
particles are favored by factofs which result in high nucleation rates. These
include high stability of the solute oxide relative to the lowest oxide
of the base metal, low interfacial free energy for the particle-matrix interface,
and high velocity of the oxidation front. The front velocity is higher for high
permeabilities for oxygen in the matrix metal, and small penetrations of the
internal oxidation front. Small particles are also favored by factors which
result in low growth rates, e.g., low diffusivity for the solute in the matrix
metal and low solute contents. Furthermore, small particles are favored by
factors which result in low coarsening rates, such as, lower solubility of
the oxide particles in the matrix and lower particle-matrix interfacial free

33,40 have analyzed the diffusion-controlled growth

energy. B&hm and Kahlweit
of spherical BO internal oxide particles in planar specimens. Their analysis

predicts that the average particle radius should vary as,

(o} L
)
r(x) = Veds [ _x (14)
4 1R (s)
N X
where, V is the molar volume of the oxide, @ , X is the distance below
BO mole
the specimen surface, cm, 8, is a parameter which is independent of N(S) (the

0

oxygen solubility in base metal, atom fraction) and X, and is given by,

(15)




~14-
where AX is the distance covered by the oxidation front between two
successive nucleation events. The important predictions of equation (14) are
the linear increase of the particle radius with distance below the specimen
surface, the decrease in particle radius with increasing oxygen solubility
in the matrix, and the increase in particle radius with increasing solute
concentration. The equation (14) derived by B8hm and Kahlweit33 considers
only the nucleation and growth of the particles and neglects any changes due
to subsequent coarsening or oxidation to a higher oxide. The former of these,
coarsening, is of primary significance in determining the stability of an oxide
dispersion and will be considered in detail.

2. Coarsening

2.1 Theoretical Considerations

Provided there is some atomic mobility and solubility, a dispersoid of
second phase particles will tend to "coarsen” by transfer of matter from small
to larger particles. The driving force for this process is derived from the
consequent reduction in free energy associated with the particle/matrix inter-
facial area. The first rigorous quantitative development of the theory of
particle coarsening was developed virtually simultaneously by Lifshitz and

Slyozov41 and by Wagner42 in 1961. Since the development of the coarsening

theory, reviews of particle coarsening have been published by Greenwood43

and Li and Oriani.44

The development of the Lifshitz-Wagner theory of particle coarsening is
based on the following assumptions:

(1) Particles are of a pure substance and of equilibrium spherical
shape.

(2) The particles are dispersed in a fluid matrix and it is assumed
that the matrix cannot support stress.

{(3) The interparticle spacing is larger than the diameter of the

particles.
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(4) For longer times of coarsening, the particle size distribution
function may be expressed as a product of a pure time function and a function
of the radius ratio, r/r*, where r* is the radius of the particle which
neither grows nor dissolves.

Based on the above assumptions, gquantitative equations of coarsening
were derived for two different cases where the rate controlling mechanisms are
different. The first one is "diffusion-controlled coarsening” where diffusion
through the matrix is the slowest step of material transfer and the second one
is "reaction controlled coarsening", where the dissolution or deposition of
atoms at the particle/matrix interface is the slowest step.

2.1.1 Diffusion Controlled Coarsening. The simplest relationship

of particle size and solubility is for spherical particle of radius r,
noncoherent with the matrix, where the interfacial energy, ¢, is indepednent of
orientation. The relationship is often termed the Thomson-Freundlich equation

and is written

Q

20V

Sp— (16)

r

ln —

c rRT
[+

where c_ is the solubility of a particle of infinite radius, c. is the
solubility of a particle of radius r, Vm is the molar volume of the particle.

Since in practice, 20Vm << rRT, it is sufficiently accurate to write,
20V ¢
moo

e o mw .
r 7 % T rmT (17)

for a growing particle, the rate of change of particle volume, g% , is equal
to the flux per unit area normal to the particle surface area. The rate of

change in particle radius will therefore be given by,

dr _ de.
3t - Dvm(dr)r (18)

where D is the diffusion coefficient of the component of the dispersed phase

in the matrix, (%% ) is the concentration gradient at the surface of the particle.

If the volume fraction of the dispersed phase is sufficiently dilute, the
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concentration gradient at the particle surface can be approximated by Zener's
solution45 for the stationary diffusion flux to a spherical particle of radius r.

Thus from the equation (18)

dr DVm
*T- " T (cr - c) (19)

where c is the concentration of the dissolved component in equilibrium with a
particle of critical radius, r*, which neither grows nor dissolves. When the
particle solubility is small, the total volume of the particles is constant,

independent of particle-size distribution. This mayv be expressed as,
4n2ri —= =0 (20)

where the summation is taken over all the particles i of the system.
Combining equations (19) and (20) with the Thomson-Freundlich equation (17), one

can write,

(21)

It is apparent from the equation (21) that g% will be positive for particles
of radius larger than r* and negative for smaller ones. Particles of radius
equal to the mean radius, (r), are neither growing nor dissolving, and hence,
r* = r. A particle size distribution function, £(r, t), may be defined such that

f(r, t) dr is the number of particles at time t having radii between r and r+dr.

The distribution function must obey a continuity equation of the form,

dr
§i.= B(dt)f % (22)
ot dr

solving the differential equations (21) and (22), it has been shown by

Wagner42 that the average particle size, r follows a simple time law,

8Dc cV2
©"m

) - o = St (23)
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The distribution function in the normalized variable, = = p takes the form,

7 3 u i ]
2 3.3 2 3 0 1
(o, t)= o (3+p) (2__ ) 7 exp (- 3 ) 3
2~ ° 2~ ° ‘5

3

when 0 < p < =

2

3
f(p, t) = 0, when p>-5 (24)

A plot of the steady-state size distribution is shown in Figure 10(a) and implies

ok s

a sharp cut-off in the distribution such that no particles exist at long times
that have a radius greater than 1.5 times the mean radius of the distribution.
It is noteworthy that after prolonged coarsening when the system has attained {
its steady-state, the size distribution given by equation (24) is independent

of initial particle size distribution.

In the foregoing sections the situation where the particles consisted
of a pure component was considered. However when the coarsening of compound
precipitates is considered, the particles consist of more than one component,
and exchange of matter between the particles is subject to a "composition
constraint". To maintain the correct chemical composition of the particles,
the fluxes of the components must be coupled. This may be done by defining

an effective diffusion constant, De For the general case of diffusion

££°

controlled coarsening of compound precipitate AaBb the fluxes of components

A and B will be in the ratio of a:b and an effective diffusion constant may be
defined as:44 L
DADB(CACB)
Deff = 2 2 (25)
+
CADAb CBDBa

where DA and DB are the diffusivities of the components A and B respectively

and CA and CB are the concentrations of A and B expressed in moles per cm3
The theories of coarsening originally were developed for fluid

matrices. In a solid matrix, one has the extra condition that space must

be made for the growing particles and that no voids should appear at the shrinking

particles. 1In the absence of plastic deformation, a "volume constraint"” is
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imposed on the coupled diffusive fluxes of the matrix and particle atoms.

If Vl is the volume made available by the transfer of one gm-atom of component 1

from the particle to the matrix and V_ is the partial molar volume of

2
component 2 in the matrix then an effective diffusion coefficient for

component 1 subject to volume constraint may be defined as:44

- - C
+—
C2D1D2V2(V2 C2 Vl)

52 2
C2D2V2 + chIVl

(26)

D) eff =

It is not difficult to extend the definition of an effective diffusion
constant to the case of both composition and volume constraint and to the

case where there is an excess of either component. Hence for the case of

diffusion controlled coarsening of compound precipitates in a rigid matrix,
an effective diffusion constant should be defined and employed in the ]
expression for the rate constant of coarsening.

2.1.2 Reaction Controlled Coarsening. Wagner42 in his treatment of

reaction controlled coarsening assumed that the rate of transfer of atoms
is proportional to the difference between the equilibrium concentration c.
at a particle of radius r (given by the Thomson-Freundlich equation) and the

average concentration r* of the solute. Thus for a particle with radius r,

2L - . - ok 7
dt KIvm(cr c*) (27)

where KI is the reaction rate constant at the interface. As in the case of

diffusion control, using the equations (17), (20) and (27), one can write,

¢r  _ m2 12 _ 2 (28)

Solving the two differential equations (22) and (28) it may be shown that

the critical radius has the time dependence,

K_C 0V2
()2 - rrio)e LB ¢ (29)
RT
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The critical radius r* can be shown43 to be equal to % r so that,

2
64 X_C oV
- 2 - 00

T = 0?2 = —r (30)

The distribution function takes a simple form when the particle radii are

expressed in the reduced quantity p = § . It is found that,
r
flo, Yx p (5—

when 0 < p < 2
f(p, t) = 0 when p < 2 (31)
Again there is a cut-off in the particle size distribution, which now occurs
at a particle radius equal to twice that of the particle which is neither grcwing
nor dissolving at that instant. A plot of the size distribution is given
in Figure 10(b).

2.2 Experimental Studies of Oxide Coarsening in Metals

Seybolt46 has reviewed the available data on the coarsening of oxide
dispersions in a metallic matrix and discussed the factors which influence
the coarsening rate. The results of the experimental investigations of particle

47,48 Fe-Al_O Cu-Si0 >0 were

. ) . . 49
coarsening in three systems, viz., Ni A12 37 2057 5

examined, and comparisons were made between the experimentally observed rates

of coarsening and the rate calculated from the Lifshitz-Wagner equation for
volume-diffusion controlled coarsening. The agreement was surprisingly good
despite some uncertainties in estimating the values of the solubility of the
rate-controlling species and the particle-matrix interfacial energy. Seybolt
points out that the solubility of the rate-determining species will be determined
by the solubility product of the oxide in the metal matrix. It will also be a
function of the oxygen activity which is determined by the partial pressure of
oxygen in the gas phase at a constant temperature. The possibility of diffusive
coupling was considered but it was found that the assumption of rate control

by metal (Si or Al) diffusion gave as good a fit to the experimental observa-
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tions as the diffusive coupling model. The calculations made assuming

oxygen diffusion provided coarsening rates appreciably larger than those

observed. 1

v  qa s ... 51 . . . cq s . .
- Williams and Smith investigated the coarsening of silica and titania

-

particles in vacuum in internally oxidized Cu-Si and Cu-Ti alloys respectively.
While the coarsening behavior of the former was volume-diffusion controlled,

the latter did not show any appreciable coarsening initially and significant

coarsening was observed only after 200 hours of annealing at 1000°%. 1If
this was taken at time, t=0, reasonable agreement was found with a t1/3
law, indicating diffusion controlled coarsening. This tranisition from the
stabilization of the oxide particles to sudden coarsening was associated
with the loss of coherency at the oxide particle-matrix interface. Since the
driving force for coarsening is larger for incoherent than for coherent
interfaces, the coarsening rate is greatly increased once coherency is lost.
A pre-worked alloy showed particle coarsening at all times approximating a
tl/3 law and Williams51 considered that cold working had destroyed the
coherency of the interface, thus giving a higher driving force for coarsening
at all periods. Later work on this system by Woolhouse and Brown52 revealed
that the titania particles are incoherent right from the beginning. They
explained the results of Williams and Smith51 in terms of impurity effects.
j Faulkner53 investigated the thermal stability of alumina particles in
Ni-A1203 and Ni—A1203-Mg alloys at 1300°C in a hydrogen atmosphere. A diffusion-
controlled coarsening mechanism was found to be rate determining for magnesium-

free alloys. However, for the Mg-containing alloys this was not the case.

The initial growth rate was found to be much faster than that possible by

the diffusion-controlled mechanism. fter about 16 hours, however, the
coarsening process came to a virtual halt. Since no major changes in the
interfacial energy were noted, this type of behavior was attributed to the

reduction of the diffusivity of the slowest moving species in the matrix.
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Perry and Smallman54 commented on Faulkner's work and presented some

coarsening data for alumina particles in a Ni-Alzo -Mg alloy in vacuum at

3
lZOOOC. The addition of Mg was found to increase the coarsening at a

continuous rate without any stabilization of the oxide particles. The

exponent, n, for the coarsening equation, ;n—;2=Kt, was not determined
conclusively, since the values of n=2, 3 or 4 all gave equally good fit to

the data. EMMA investigations were carried out to determine the Mg distribution
and indicated the Mg was mainly associated with alumina particles. The

possible effects of Mg, upon the parameters in the Lifshitz-Wagner equation,

in particular the interfacial energy, the formation of a mixed oxide, and the
possible reduction of alumina by Mg were discussed, but no clear model was

proposed for the coarsening of alumina particles in Ni-A120 alloys.

3
FPischmeister and Navara55 have shown that the addition of alloying

elements could have a strong influence on the coarsening rate of alumina

dispersions in metallic matrices, such as, Ni and Fe. The observed effects were

explained by the interaction of alloying elements with the oxide phase. For

instance, Mn increases the coarsening rate by forming a spinel phase (MnA1204)

of lower structural stability. It is also possible that the interfacial energy

is raised by a change of the atomic arrangement at the interface, but this

effect was not explored. The authors have further shown that the addition

of Cr, Mo and Ti to the Ni-A1203 alloy decreases the coarsening rate of the

oxide particles by lowering the interfacial energy coupled with perhaps

a decrease in the concentration of the rate-determining species. The alumina

particles extracted from the Ni and the Fe matrices with the addition of Cr,

Mo and Ti showed some color changes, x-ray fluorescence and changes in the

lattice parameter, indicating that the oxide phase has taken some of the

additions into solid solution.
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Bhattacharyya and Russell56 proposed, based on thermodynamic arguments,
that the activation energy of coarsening, QC, for diffusion-controlled coarsening
of compound precipitates cannot in general be identified with the activation
energy for diffusion of either component. Instead, Qc is a very sensitive
function of the atmosphere of coarsening and will include terms involving
the heat of solution of the compound precipitate in the matrix plus contribu-
tions from other processes depending on whether coarsening is conducted in a
closed system or in a reactive atmosphere. The same authors57 extended their
theory to study the coarsening kinetics of silica in copper for a range of
temperatures and partial pressures of oxygen. Reasonable agreement was found
when the coarsening was conducted in an atmosphere wherein the partial pressure
of oxygen, controlled by a mixture of copper and cuprous oxide, varied
with the temperature of coarsening. In other cases, where the coarsening was
conducted in an atmosphere of fixed partial pressure of oxygen, the agreement
was poor. The authors attributed this to the fact that the equilibrium between
the oxygen dissolved in the coarsening specimens and gaseous oxygen at fixed
partial pressure was never attained within the allotted times of coarsening.

The present work is comprised of a careful study of the structure and

morphology of TiO_, precipitates formed in Cu by internal oxidation and the

2
coarsening rates and mechanism of these precipitates as influenced by

temperature and oxygen partial pressure.

B. Experimental Procedure

1. Alloy Preparation

The alloy used in this portion of the study was Cu-0.25 wt pct Ti which

was prepared and internally oxidized as described in Section I.A.2.

The as-oxidized materials were mechanically polished from one side until
the thickness of the strip specimens was about 0.125 mm. This was necessary to
eliminate the solute depleted zone from the center of the specimen and also

to remove as much as possible any variation in particle sizes produced by
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the method of internal oxidation. The specimens were lightly etched in

dilute nitric acid to remove the deformed layer from the surface formed during
mechanical polishing. The long-term coarsening experiments were carried out

at 900°C, 950°C, and 1000°C, using the as-oxidized specimens. One set of
samples consisting of three specimens was individually sealed in evacuated
Ti-gettered, quartz capsules. In order to ensure a virtually oxygen-free
atmosphere inside the capsule, the titanium chips were heated to red heat until
virtually all the oxygen was gettered out. The purpose of this was to carry out
the coarsening experiment in an atmosphere of low oxygen partial pressure over the
alloy. The other set of samples also consisting of three specimens were packed
in a powder mixture consisting of equal volumes of cuprous oxide, copper

and alumina powders and heated under vacuum in guartz capsules. This fulfilled
the condition of performing the coarsening experiment in an atmosphere where

a definite oxygen partial pressure could be maintained over the alloy.

The partial pressure of oxygen thus established over the alloy would also

be the highest permissible without oxidizing the copper matrix.

2. Specimen Preparation for Electron Metallography

For microscopic examination of the oxide-dispersed structures, the
carbon extraction replica method was used in conjunction with the thin foil
method. The former was used mainly for the identification of the oxide
particles and for the measurement of the oxide particle size distribution,
whereas the latter was employed to observe the matrix substructure containing
the oxide particles, grain boundary precipitates, and various contrast effects
arising from the interactions between the particles and the matrix.

3. oQuantitative Metallography

3.1 Particle Size Measurement

The extraction replica method was chosen for determining the particle
size distribution and for calculating the mean size of the dispersion of oxide

particles. Four or five photographs were taken from several replicas prepared

S . ‘ _ , pr— ‘
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from different regions of the sample. While taking photographs care was
taken to avoid areas which were not truly representative of the particle
size distribution. These were the areas near the grain boundaries, where
precipitate depleted zones may be expected, and also regions where scme
clustering of particles was observed. At least 200 particles were measured
for each sample. The particles were grouped according to their sizes and
a histogram of cumulative frequency versus particle size was constructed
to plot the particle size distribution and to calculate the mean size
of the dispersoid.

3.2 Measurement of Dihedral Angles from Grain
Boundary Precipitates

The thin foil method was employed to observe the grain boundary precipitates

and for estimation of the Cu/TiO_ interfacial energy. Those grain boundary

2
precipitates exhibiting faceting were carefully avoided since the presence

of facets would indicate that an orientation-independent precipitate-matrix
boundary has not been attained. Therefore only lenticular-shaped grain boundary
particles were observed. To obtain a reliable estimate of the precipitate-
matrix interfacial free energy it is first necessary to measure the true
dihedral angles. Therefore, before any photograph was taken the foil was

tilted to align the grain boundary plane approximately parallel to the electron

beam. The minimization of grain boundary fringe width satisfied this condition.

Prints were made and the dihedral angles were measured from the photomicrographs.

C. Results and Discussion

1. Particles in As-Oxidized Alloys

The results of this portion of the project have been reported previously24'58

and will only be outlined here.
a. The crystal structure of the oxide particles was found to correspond

to the rutile modification of TiO2 for cxidation temperatures above 850°C and

to the anatase structure for temperatures below 800°C. The two structures
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were found to coexist between 800 and 850°C.
b. Both the rutile and anatase particles exhibited definite orientation
relationships with the Cu matrix.

c. The average TiO_, particle size near the surface of the specimens

2
varied from 76 A® for Cu-0.25 wt pct Ti oxidized at 750°C to 370 A° for
1.0 wt pct Ti oxidized at 1000°C.

d. The particle size was found to increase linearly with depth below
the specimen surface.

e. The interfacial free energy for the Cu/TiO2 interfaces was found
to lie in the range 400-700 ergs/cmz from dihedral angle measurements for
grain boundary pricipitates.

2. Coarsening

The coarsening of TiO, dispersions in Cu has been studied in two different

2
atmospheres of differing oxygen partial pressures in the temperature range 900
to 1000°%.

One set of experiments was conducted in vacuum, where a low partial
pressure of oxygen was maintained over the specimens by gettering the
oxygen with titanium chips. In the other the highest possible partial pressure
of oxygen which would not oxidize the copper was achieved by packing the
specimens in a powdered mixture of Cu and Cuzo. The coarsening behavior
indicated that the inherent thermal stability of the titanium oxide particles
is extremely good. The oxide dispersions were very resistant to coarsening
during prolonged high temperature annealing. A typical electron micrograph
is shown in the Figure 11 where the oxide particles were coarsened in vacuum.
The morphology of the oxide particles was found to be roughly spherical through-
out the process of coarsening. Electron diffraction studies identified the

structure of these particles to be TiO, (rutile).

2
The oxide particle sizes were measured from electron micrographs
obtained for each heat treated specimen. The arithmetic mean diameter

and the standard deviation for the particle size distribution were calculated
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from each set of measurements. The size distributions were constructed
by grouping the particle diameters within an interval of 25 a°. The
relative frequency of occurrence for each group was estimated and plotted
against the particle size. The resultant histogram of particle sizes reveals
the variation of the number of particles per unit area with the continuation
of the coarsening process. A representative set of histograms is shown in
Figure 12, where the coarsening of the oxide particles was conducted in vacuum
at a temperature of 954°C. The particle size distribution for the "as-oxidized"
material has also been included in this figure to serve as a comparison. The
particle size distribution initially seems narrow but gradually broadens as
coarsening proceeds. An increasing number of particles with less than the
average size of the particle assembly start to dissolve and ultimately
disappear. The distribution curves do not follow the steady state particle
size distribution predicted by the Lifshitz-Wagner theory of coarsening.
Instead all of the size distributions exhibit a long tail towards the large
sizes. The particle size distribution is observed to be very similar to the
log-normal distribution for the entire range of coarsening times examined
at all temperatures. The log-normal distribution may be approximately verified
if a symmetrical normal curve yields by plotting of the frequencies against the log
of the particle size. However, for a rigorous test of such a distribution, the
cumulative frequencies plotted against particle size should lie about a straight
1ine59 when plotted on log-normal probability paper. This is shown in Figure 13
where the particle size distributions obtained from the histograms in Figure 12
have been replotted on log-normal probability paper. The plots are shown to
be straight lines although for long term coarsening experiments (996 hours at
T = 954°C in vacuum) there is a slight deviation from linearity at the large
particle end of the distribution. Two straight lines of different slopes could

be drawn to fit the points on the probability paper. Similar histograms for

the particle size distribution for specimens coarsened in Cu/Cu20 at

AL e o aesacee
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T = 951°C are shown in Figure 14 and Figure 15 respectively.

To establish the rate controlling step for the coarsening process, it is
customary to plot the experimental results by assuming the existing rate laws of
coarsening and subsequently determining where the best fit might be obtained.
For example, the difference between the rate equations for interface and for
diffusion controlled coarsening rests in the power to which the mean diameter,
d, must be raised to bear a linear relationship with time. In interface control,
the rate equation shows a linear dependence between 52 and time, whereas the
case of diffusion controlled coarsening 53 is proportional to time. The
departure from linearity in any of the plots indicates that a wrong exponent
of the mean diameter has been chosen or that an altern~“ive relationship is
required to describe the rate controlling step for the coarsening process. 1f
the initial average size of the oxide dispersion is negligible during the onset
of coarsening, it is appropriate to present results as a logarithmic plot
of the variation of the mean particle diameter with time and determine the
correct exponent of the particle diameter. This is not however the case
under the present conditions, since the average diameter of the oxide dispersion
before coarsening is of the order of 85 a°.

It is found that a 53 versus time plot gives the best fit to most
of the experimental data. Figure 16 shows the resulting plots for coarsening
in Cu/CuZO giving a linear form with correlation of better than 0.99.

Figure 17 shows a similar plot for coarsening under vacuum. The latter

results show some scatter. It was however found that any other relationship
(such as, az proportional to time, for interface-controlled coarsening)

resulted in even poorer fit to the experimental data. It would therefore

aprear that under these conditions coarsening of the titanium oxide particles in

a Cu matrix is volume diffusion controlled. All the linear plots were fitted

to the experimental results by emploving the method of least-sqguares, and the

best value for the slope of each individual plot was calculated by performing
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a regression analysis on a relationship of the type 53 proportional to
time. The rate constants for coarsening, Kc' corresponding to a relationship
;3-;2 = Kct, where r is the particle radius, were further determined by
multiplying the slope by a factor of 1/8. Activation energies for the coarsening
process, Qc, were estimated from an Arrhenius plot (Figure 18) of the

coarsening rate constants. Table 5 summarizes the various coarsening rates

obtained as a function of temperature and atmosphere. The activation

Kcal
mole

energies are also indicated for different atmospheres of coarsening; 53

and 89.4 Keal

mole respectively for vacuum and Cu/CuO.

2

It appears that the coarsening kinetics of titania particles are
diffusion-controlled, as outlined by the Lifshitz-Wagner theory of coarsening,
since interface control would indicate a linear dependence between (a? and time.
Complete verification of the Lifshitz-Wagner theory of diffusion-controlled
coarsening would require that the particle size distribution as predicted by
the theory should also be obeyed. The size distributions are much wider
than the steady-state particle size distribution predicted by the Lifshitz-
Wagner theory for diffusion control and in fact appeared to be very close to
log-normal. According to the Lifshitz-Wagner theory for diffusion-controlled
coarsening, the particles with diameters greater than 1.5 times the average
diameter, a, should never exist, whereas in the present case a small popula-
tion of much coarser particles has been observed. This is shown by the long
tail obtained in the distribution curve toward the larger particle sizes.
The broadening of the particle size distributions is not uncommon and has

been observed in several systems, e.g., Y' particles in Ni-base alloys,60

carbides in steel,60’61 etc. A completely satisfactory explanation has not
yet been provided. It is noteworthy that the steady-state particle size
distribution predicted by the Lifshitz-Wagner theory approaches a constant

function irrespective of the initial size distribution at the onset of

coarsening, although the time to reach the steady state may be different for
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different systems. According to Lifshitz and slyozov41 for volume-diffusion
controlled coarsening the characteristic time to reach steady state is

approximately of the order of Eg , where ao is the average particle size at

the onset of coarsening and Kc zs the rate constant for coarsening. In the
Cu—’I‘iO2 system, where the coarsening rates are extremely slow, the steady-state
may never have been reached within the allotted times of coarsening.

The metallographic observation of the microstructure of the coarsened
alloy reveals that only a small population of much coarser particles has
resulted in a broader distribution of particle sizes than is predicted by the
Lifshitz-Wagner theory. The observations suggest that these particles ripened
by a mechanism which is different from volume diffusion control. A probable
cause is that dislocations are always present in internally oxidized alloys and
may influence the kinetics of.coarsening. Such dislocations are usually intro-
duced during quenching from a high temperature due to thermal stresses. It is
probable that during coarsening at high temperatures, the mobile matrix disloca-
tions would be attracted to some of the oxide particles through intersection of
strain fields and these particles would coarsen through dislocation pipe
diffusion. Although thin foil micrographs have not clearly revealed the coarser
particles to be associated with dislocation lines, it is quite likely that the
dislocation images might not have been resolved bv the usual two-beam technique
of imaging particles and high resolution weak~-beam dark field imaging using a
matrix reflection is necessary to show the dislocation lines more clearly.

Since it is the purpose of this investigation to assess the theory of
particle coarsening in a quantitative manner, the experimental rate constants
of coarsening must be compared with the predictions of the Lifshitz-Wagner

theory. For Cu/Cu,0, the coarsening of the titanium oxide particles was

2

observed to be diffusion-controlled. However, to correlate the experimental
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coarsening rate of a compound precipitate, such as TiO from the existing

2
physical-chemical parameters the rate controlling species must be identified.
The decisive factor is the product of diffusivity and solubility and the
component with the minimum value of this product will be rate controlling. The
diffusion coefficient of oxygen in copper63 is about three orders of magnitude
faster than that of Ti64 and for coarsening at the highest possible partial
pressure of oxygen, it is very likely that titanium would be rate controlling.

The rate constant for coarsening may therefore be written as,

2
Kc S9RT Ti O )

(Deff)U(V (32)

TiO2
where CTi and CO are concentrations titanium and oxygen expressed in moles/cm3,
o is the interfacial free energy for the precipitate-matrix interface, VTio
2

is the molar volume of the TiO2 oxide and De is the effective diffusivity for

ff

. s . .4
the case of mass transport through the matrix under compositional constraint 4 and

is given by,
pc¥ o (c_.c )
_ _Ti O Ti O
Degs = Cu Cu (33)
.+C_ D

. D
4 ch Ti 0 0O

For the case of titanium oxide dispersed in a Cu matrix, where the diffusivity

of oxygen, Dgu, is generally veryv much greater than that of the titanium, Dgz,
this reduces to DCu c o )%
Ti Ti 0 Cu Cu
D et ————— >>
Deff Co ' Do DTi (34)

Therefore, substituting the above in equation (32), gives

8 Cu 2
c = 9orrt Pri r3 O VTi02 (3%)

K

The diffusivity of Ti in Cu has been reported in the literature64 but the

solubility of titanium in a system such as, Cu-TiO is not available and

2’
cannot be calculated, since the solubility product of TiO2 in Cu is unknown.
Therefore an attempt was made to calculate the solubility term from elementary
thermodynamic principles and is shown in Appendix C. The interfacial energy
term was calculated from the measurement of the dihedral angles formed with

grain boundaries in the Cu matrix by lenticular-shaped TiO, oxide particles

2
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and was found to lie between 400 to 700 ergs/cmz. 24 The molar volume of the

TiO2 oxide was calculated from the specific gravity65 and molecular weight of

TiO2 (rutile) as 18.84 cm3/mole.

At three different temperatures of 900°C, 951°C and 1000°C, the calculated

4 A03 5 AoB
rates of coarsening in Cu/Cu, 0 are 0.026 x 10 — , 0.095 x 100 —— and 0.247 x
o3 2 sec sec

10 sec respectively. If these are compared with the experimental rates given
in Table 5B, the estimated rates appear to be 4 to 6 orders of magnitude higher
than the experimental values. The sources of error in estimating the various
physiocochemical factors are probably the greatest in the determination of
the solubility-~product data in Cu. The solubility of titanium in contact with
the Tio2 oxide particlies dispersed in the Cu matrix has been calculated
by assuming regular behavior of the ternary Cu~Ti~O solution and by neglecting
the mutual interaction effects of titanium and oxygen on their activities in
copper. The calculated value of the solubility of Ti could very well be affected
by the above assumptions and a mcre precise value cannot be obtained unless
independent experiments are performed to determine the solubility product and heat
of solution of the oxide precipitate in the Cu matrix.

Seybolt46 determined the solubility product of silica in Cu by equilibrating
"six nine" purity Cu in a quartz tube in a 10-6mm vacuum at 1000°C for 94 hours.
The determination of the solubility product was possible by the subsequent
chemical analysis for oxygen and silicon content dissolved in Cu. The estimated

17 4t 1000°%. The

value of the solubility product was thus equal to 7.2 x 10”
solubility product, Ks' is related to the heat of solution of the precipitate

in the matrix by a relation of the type Ks = (Const) exp (- %%?), where AHs

is the heat of solution and the constant is related to the corresponding change in

entropy when a mole of pure, compcund precipitate dissolves and dissociates.

If the entropy change is assumed to be negligible, the heat of solution of 1

(X320 b oy s
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Kcal

mole of SiO, in Cu can be estimated to be equal to 95 mole °

) In the absence

of any oxide solubility-product data for the Cu-TiO

Kcal
mole

5 system, this value

of 95

may be taken as the enthalpy of solution of Tio2 in Cu. This is

not unreasonable considering the fact that the solubility product is a strong
function of the free energy of formation of the compound, and both the oxides of Si
and Ti possess standard free energies of formation, AGO, that are not too

different from one another. Thus the number of moles/cm3 of titanium in solution

in copper, C

i’ can be calculated from the solubility product and from the

X 6 . .
moles/cm3 of oxygen dissolved in copper. 3 The coarsening rate constant as given

by the equation (35) may be estimated for different temperatures. The calculated

A03 A°3 o3 o
rates now become 0.688 —8 , 6.4 —— , 48.04 —— at the temperatures of 200 C,
sec sec sec

951°C and 1000°C respectively. Compari j these with the experimentally determined
values given in Table 5B reveals that the estimated values are a factor of
24 to 84 higher than the experimentally determined values. Thus the agreement
is reasonably good with the Lifshitz-Wagner theory of diffusion-controlled coarsen-
ing despite the uncertainties involved inthe calculation of the solubility
term,

In order to estimate the activation energy for the coarsening process, Qc’
the rate constant may be expressed as a preexponential term and an activation
energy. Thus from equation (35), Kc' the rate constant for Ti-diffusion
controlled coarsening can be written as,

Q
8 Cu 2 - _Zc
c = Rt Ppi Cpi © V'rio2 = K, exp (= gl (36)

K

From the equality given in the middle the only temperature dependent terms
in equation (36) are the diffusivity and the solubility including the temperature

factor in the denominator. Taking 'ln' of both sides and differentiating

. 1 . . : .
with respect to T the expression for the activation energy of coarsening, Qc,
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is obtained as follows,
. dlnC
T .
0 =0 i_ R Ti _ RT (37)
< ¢ ad
T
where QTl is the activation energy of diffusion of Ti in Cu. The evaluation
dinCoy 56
of 571757-wi11 depend on the environment in which the coarsening is carried

out. For infinitely dilute solutions of Ti and O in Cu, Henry's law may be valid,

ani the solubility of Ti in equilibrium with TiO, in Cu is related by

2
the well known egquation,
2 _ Tiop _ - AHs
(CTi)(CO) = Ks = (Const) exp ( ;GFO (38)

where K:loz is the solubility product of TiO2 in Cu and AHs is the heat
of solution of 1 gm mole of TiO2 dissociating into 1 mole of Ti and 2 moles of
O in solution in Cu.

Since coarsening is conducted in the presence of Cu and Cu,.0, enclosed

2

in the same capsule, the partial pressure of oxygen would vary with the
temperature of coarsening. Equilibrium will be established between the gaseous

oxygen evolved from the dissociation of Cu,0 and atomic oxygen dissclved in Cu

2

containing the dispersed phase of TiO, oxide particles. The corresponding

2

chemical reaction is represented by the following:

Cu,0 o) «> 2Cu , + O (in Cu) (39)

The concentration of O in solution may be expressed as,
- (AﬁO-AHSuZO)

(Constant) exp (40)

¢ RT

o]

where 2A§O is the heat of solution of one gm mole of gaseous oxygen in Cu and

AHCU o is the standard heat of formation of Cu20 from its elements. Substituting

2
Co from equation (40) into equation (38), one obtains for the concentration

of Ti dissolved in Cu as,

0

= (o}
(-AHS+2AHO-2AHCu2 )

C_. = (Constant) exp =T (41)

Ti
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= o
dlnCTi —AHS+2AHO - ZAHCUZO
or, 1 = = (42)
d(Eﬂ

Substitution of equation (42) into equation (37) (and neglecting the
insignificant 'RT' term in equation (37)) yields the activation energy

of coarsening as follows:

Ti = [e]
= - +
Qc QD + AHS ZAHO ZAHCuZO (43)

In order to estimate Qc' le is known66 and is equal to 63 Kcal/mole and

Keal
mole

as mentioned previously AHS can be approximated to be equal to 95

The enthalpy of solution of oxygen in solid Cu, Aﬁo, has been evaluated

6 .
by Pastorek and Rapp 3 and is equal to -10 §S§l. an® is also tabulated
{ mole Cu, 0O
67 Kcal 2
in the literature and is equal to -40.2 mole" The calculated value of Qc
from equation (43) is thus equal to 97.6 igii, whereas the experimentally determined

Kcal

. Thus the agreement is fairly reasonable
mole

activation energy is 89.4
considering the uncertainty involved in the estimation of the heat of solution,
AHS, and other calculated energy terms.

Analysis of the coarsening data in the vacuum case reveals that the
coarsening rate is higher than the Cu/Cu20 atmosphere at least for the lower
temperatures of coarsening, i.e., at T = 900°C, but this no longer remains true
at higher temperatures. At first this seems surprising, since through the
requirement of fixed solubility product of the oxide in the metallic matrix,
coarsening at a lower partial pressure of oxygen would ensure a relatively
greater amount of titanium dissolved in the copper matrix. If the coarsening
is indeed Ti-diffusion controlled, the oxide particles will be ripening at a
much faster rate in vacuum where the oxygen activity in the surrounding
atmosphere has been maintained at a low level by using the Ti-chips as the
oxygen getter. On the other hand Keeping the oxygen activity veryv low

may lead to a switch from titanium to oxyvgen as the rate controlling species

for the diffusion-controlled coarsening. The decisive term as to which is
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rate controlling in the vacuum case is of course the diffusivity-solubility

product. In the absence of the solubility~-product data and the lack of

PO SO

knowledge of the exact oxygen activity in the gas phase for the vacuum case,

the determination of dissolved oxygen in Cu is not possible. However in the

presence of a strong oxygen getter such as Ti, and assuming the permeation of
oxygen through the evacuated quartz capsule to be negligible, the partial pressure
of oxygen in the gas phase could be taken as near zero. Exactly by what propor-
tion the partial pressure of oxygen will be reduced, is to be determined from

the equilibrium between the dissolved oxygen in the Cu matrix and the gas phase.

To get an approximate idea of the partial pressure, the thermochemical behavior

of the Ti-0O system is considered. OXygen has a significant solubility in
Ti, and Ti forms a series of condensed oxide phases among which the losest
oxide is TiO and the highest Tioz. At a temperature of T = 1300°%K, the
corresponding partial pressures of oxygen at which these oxide species first
begin to form range from 10_33atm to lo_lgatm respectively.68 Assuming
Sieverts law to be valid, the average atom fraction of oxygen dissolved in
Cu at T = 1300°K would be on the order of 10—13. Therefore, at such low
concentration of dissolved oxygen in the matrix, the diffusivity-solubility
product for oxvgen will be several orders of magnitude lower than for Ti,
although the atomic mobility of oxygen is about three times greater than
that of Ti in Cu. Thus under these circumstances oxygen will be the rate

controlling species for coarsening. For the case of oxygen~diffusion controlled

coarsening, the rate constant can be derived from eguation (33) and may be

written as, Cu
2 av__,
DO CO VT:I.O2

Kc = SRT (44)
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is well known,63 o and V_, are as
T102
before. Using equation (44) and from the experimental values of coarsening

The diffusivity of oxygen in Cu, Dgu,
rate constants in vacuum as given in Table 5A, one may estimate the concentration
of dissolved oxygen in Cu. 1In this way, the concentration of dissolved oxygen
in Cu is on the order of 10-14, in fair agreement with the proposed theory of
oxygen-diffusion controlled coarsening.

To calculate the activation energy of coarsening, equation (37) may be

utilized with the exception that oxygen is the rate controlling species.

Therefore, neglecting the 'RT' term,

d1lnC
0 = QO - R 0 (45)
c P ad
T
where Qg is the activation energy for the diffusion of oxygen in Cu.
d1lnC
The evaluation of I can be accomplished by considering that gaseous

oxygen in the surrounding atmosphere is equilibrated with the atoms of

oxygen dissolved in the Cu matrix, through the following reaction:

=0, = 0 (in Cu) (46)
(2)

The concentration of dissolved oxygen is related to the partial pressure as,
AH
C_ = Const p® exp (- =2 (47)
(o] O2 RT
where 2Aﬁo is the heat of solution per gm mole of gaseous oxygen in Cu.

If the partial pressure of oxygen is assumed to be constant during the coarsening

process,
dlnCO A

|
o

(48)

d

1
d(T)
Thus from equation (45), the activation energy of coarsening under these

conditions is given by,
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(o] Kcal 63 -
QD, the activation energy of diffusion of oxygen in Cu is 16 mole and AHO,
the heat of solution of oxygen in solid Cu is given by -10 ﬁg%% . The activa-
tion energy of coarsening from equation (49) is thus estimated as 6 ﬁg%%

. , Kcal
compared to the experimentally determined value of 53 mole

The discrepancy in the activation energv of coarsening cannot be easily
explained since one is unsure of whether or not a constant oxygen activity is
closely maintained throughout the cocarsening process.

There is comparatively little experimental data available on the gquantitative
aspects of particle coarsening in oxide-dispersed copper-base systems. The results
of the present investigation may be compared with the work of Bhattacharyya and
Russell57 who performed coarsening experiments as a function of oxygen partial

pressure for the Cu-$iO. system. Analogous to the present investigation, these

2
authors carried out coarsening at different temperatures in an atmosphere of
variable oxygen pressure, wherein the internally oxidized specimen was in
intimate contact with the Cu-Cu20 mixture. The results showed that the agree-
ment between the experimental activation energy of coarsening with the proposed
theory was fair. Comparing the coarsening rates of the two oxide-dispersed
copper alloys carried out virtually under identical experimental conditions it

is observed that the rates differ by about three orders of magnitude with the

Ti0, dispersions being more stable. The reasons for the resistance of the TiC

2 2

particles to elevated temperature coarsening may be attributed partly to

the interfacial energy term and to the solubility term appearing in the expression
for the rate constant of coarsening. While the degree of coherency of TiO2
particles in the Cu matrix is not clear at this juncture, the interfacial
energy of these oxide particles is definitely much lower than the amorphous,
disordered silica particles in the Cu matrix. The solubility of the rate
controlling species (Ti or Si) in equilibrium with the oxide particles in the

Cu matrix is also expected to be lower for Ti than Si, probably via a more

negative enthalpy of solution of Ti in the Cu matrix.
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In an attempt to coarsen silica particles at different temperatures
. 57
but at a fixed oxygen pressure, the same authors adopted the 'two furnace

method', wherein the specimen and the Cu-Cu_O powder mixture were physically

2
separated, with the latter maintained at a constant temperature. The agreement
between the experimental activation energy of coarsening with the theory was
considerably poorer under the circumstances and was attributed to the fact that
the oxygen in the gaseous phase never equilibrated with the dissolved oxygen

in copper. Furthermore, the observed coarsening behavior for the variable

and constant oxygen pressure were nearly identical. This points towards

the fact that the oxygen dissolved in the copper matrix must have been the

same in those two cases and the 'two furnace method' was not suitable for

controlling the oxygen partial pressure at a constant level.
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III. Mechanical Properties of Internally Oxidized Cu-Ti Alloys

A. Binary Cu-Ti Alloys

The mechanical properties of internally oxidized Cu-Ti alloys have been
described in a previous report58 and will be briefly reviewed here. The
tensile data are summarized in Table 6 for four temperatures of internal oxida~
tion. It is found that the TiO2 dispersion effectively increases the yield
strength of Cu-titania alloys by a factor of five to ten over that for pure
Cu. Good correlation can be made between the yield strengths and the
Orowan mechanism of hardening. Alloys with Ti concentrations cof 1 wt pct
or less are ductile (15-30 pct elongation). The combined mechanical properties

(yield strength and ductility) of polycrystalline Cu-TiO, alloys are

2
comparable to the best values yet reported for dispersion strengthened copper.
Fracture of the alloys occurs intergranularly on a plane roughly
perpvendicular to the tensile axis. Voids are found associated with grain
boundary particles at the fracture surface and final fracture occurs by
ductile tearing in regions between the voids. The rather low UTS values for

the alloys are believed due to this cavitation at grain boundary particles

and to dynamic recovery effects.

B. Precipitation and Dispersion Strengthening in Cu-Cx-TiOs Alloys

1. Background

The good combination of mechanical properties obtained in internally
oxidized Cu-Ti alloys suggested the possibility of combining dispersion
strengthening with some other mode of hardening. Such a combination has
been studied by Ebeling and Ashby69 for Cu-Au-Sio2 and Cu—SiO2 alloys obtained
by internal oxidation in the temperature range 750-1050°C. It was found that
the increment in yield strength due to solid solution by the Au was additive

, : - . 7
to that due to the silica dispersion. Similarly Hirsch and Humphrevs ° found

that solid sclution and dispersion hardening produced additive effects in Cu-2n-

A1203 alloys. 1In the present investigation the combined effects of dispersion




hardening of Cu by a TiO

dispersion and precipitation hardening by precipitates

2

of essentially pure Cr were investigated.

2. Experimental Procedure

Binary Cu-0.25 wt pct Ti alloys were internally oxidized at 900°¢ by the
procedure described in section I.A.2. Internally oxidized specimens 0.5 mm
thick were chromized by packing in a powder mixture of 80 wt pct Cr and 20 wt
pct A1203,sealing them in quartz tubes under a reduced pressure of argon, and
heating for 40 hours at 1000°C. The chromizing treatment introduced 0.21 wt
pct Cr into the alloys. The resultant Cu-Cr—TiO2 alloys were solution annealed
under argon in quartz capsules for 3 hours at 995°¢c and water quenched. Groups

of specimens were then aged for various times at 600 and 700°C.

3. Results and Discussion

The 700°C aging curves for a binary Cu=-0.20 wt pct Cr and a Cu-0.21 wt

pct Cr-TiO, alloys are presented in Figure 19. The greater hardness of the 'I‘io2

2

dispersed alloy for all aging times is apparent. Transmission electron

microscopy has shown that the oxide dispersion has two effects on the precipita-

tion of the Cr-rich phase: a relatively small effect in providing sites for

heterogeneous nucleation and a major one in delaying the cocherency loss of

the Cr precipitates apparently by impeding the motion of matrix dislocations.
The aging temperature of 700°C is rather high for Cu-Cr alloys, however,

the effects of the oxide dispersion suggest that further work at lower aging

temperatures should be undertaken to optimize the mechanical properties of the

alloys.




Conclusions

The results presented in this report allow the following conclusions
to be drawn.

1) The kinetics of internal oxidation of Cu-Ti cylinders and
spheres may be adequately described using the quasi-steady state approxima-
tion even for penetrations which are an appreciable fraction of the specimen

radius.

2) The analysis described in Appendix B which includes counterdiffusion of

solute gives an accurate description of the kinetics of internal oxidation

when more than one oxide forms.
3) Above 850°C the internal oxides formed in Cu-Ti alloys are Tio2

(rutile) while below 800°C the oxides are TiO2 (anatase) and between 800 and
850°C the two oxides coexist.

4) The coarsening kinetics of the TiO2 particles in Cu follow the 530
time law, characteristic of the Lifshitz-Wagner theory of volume diffusion-
controlled coarsening.

5) The coarsening rate is significantly slower than that reported
for SiO2 dispersions in Cu.

6) The TiO2 dispersion effectively increases the yield strength of Cu-
titania alloys by a factor of five to ten over that of pure copper. Good
correlation can be made between the yield strengths and the Orowan mechanism

for dispersion strengthening.

7) Alloys with Ti concentrations of 1 wt pct or less are ductile (15-30%
elongation). The combined mechanical properties (strengths and ductilities)

of polycrystalline Cu-TiO, alloys are comparable to the best values yet reported

2
for dispersion strengthened copper.
8) The combined effects of a 'rio2 dispersion and Cr precipitates on the

mechanical properties of Cu indicate a method for obtaining outstanding mechanical

properties in Cu alloy systems.
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APPENDIX A
Review of Meijering's Analysis of the Kinetics of

Internal Oxidation When Two Oxides Form31

The internal oxidation of a solute B in a matrix metal A is envisioned

to occur in the manner shown in Figure 20. A lower oxide BOn forms at
1

the internal oxidation front x = £. This oxide is then further oxidized,

instantaneously, to a higher oxide BOn as a second front x = n moves through
2

the alloy. The differential equations describing the motion of the two

fronts are

D N
0i (o) dg
—— — < < Al
€-m ™' a NIX¥IE (AD)
(s)
N -
Do N "Ny L CONS - L (n_-n yn o) dn
n 1B 4t 2 1B a4t
0 <x<n (A2)
where Né°) = the atom fraction of solute in the alloy
Do = the diffusivity of oxygen in the matrix 2
t = the oxidation time
NéS) = the solubility of oxygen in A
Ni = the oxygen concentration of x = n

The counterdiffusion of solute is neglected in Egns. {Al) and (A2).

Division of (A2) by (Al) yields

(s) _

°© 4 &-n_;, 2 1 dn (a3)
Ni n nl ag

N

(

Since at t = 0, £ = n = 0 and both £ and n are proportional to tB we have

£f=n/f =+ (A4)
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in which case Eqn. (A3) may be written as a quadratic
n

nl m m
L. (n)
: Po
Ni 2
where m = = —_—
e \/ (o)
o po2

The solution to Eqn. (AS5) yields

n.- n
E, ¥ 4m(1-m) (—2—-—1)--I
n, |

£ = — -1 (6)
2m ( 2n 1)
1
Since both n and § are proportional to t;2 we may now write
2 2NéS)DO
£ = (—m™) ¢t (A7)
n___N°
eff B
where n , an effective stoichiometric coefficient, is given
eff
ny (1 - £)
Nefs = T m (28)

Eqn. (A7) deécribes the kinetics of internal oxidation of an alloy in
which two oxides are formed and allows the calculation of the oxygen

N(s)D

o o from measurements of £ as a function

permeability in the matrix,

of t.
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APPENDIX B

Determination of NéS)DO from Internal Oxidation Measurements ;

When Two Oxides are Formed and Counterdiffusion

of Solute is Important

The analysis to be used is similar to that used by Maak for the case of
simultaneous internal oxidation of a solute and external oxidation of the

.. 39 . .
matrix. The concentration profiles of oxygen and solute are shown

schematically in Figure 21. It is assumed that

h

n=2 Y2(D0t) (B1)
and
E=2vy,(D t)B (B2)
170
where Yl and yz are undetermined constants. The diffusion equation
2
3N 3N
(o] (@]
3¢ - Do 2 (B3)
3=-x

is subject to the boundary conditions

No = N0 , x =0, t (B4)
No =0, x=¢, t {BS)

N =N,, x=n, t (B6)
(0] i

The solution to (B3) for n < x < & is
X
erf Yl - erf ‘: {I

2(Dot)
No G0o®) =Ny TE y, - exrf y (B7)
1 2
Similarly the diffusion equation for the solute ]
N ﬁ&
3 = DB axz (B8) ]

is subject to the initial and boundary conditions

Ng =0, x<E, ¢t (B9)

(o)
> =
NB = NB , X 20, ¢t 0 (B10)




The solution to (B8) for x > £ is

erfc E%—fL——z]
(o) 1- 2(DBt)

B erfc Yl 6%

(B11)

where 0 =

UIOU

B

Substitution of No(x,t) and NB(x,t) into a molar flux balance at x = £

aN N
0, - B
--DO (ax ) = nlDB (ax ) (B12)
£ £
yields, after rearrangement,
_ (o) £ (£ - n) 1
N.D, = n, N T - = (B13)
o
where the function F is defined by
F(u) = ﬂlz ue u2 erfc
=1--4 4 = (B14)
2u 4y

(s)D

5 o simply by dividing

Eqn. (B13) may be modified to allow calculation of N
Ni

(s)
NO

by m =

n No
N(s)D __1B & (£ -n)
0 0 m 2t

oot em 1 g am g TASgRITIART Rt 1ot e A Smay 12 1 S\ [ S 2 8 g oy ot o em e
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APPENDIX C

Estimation of the Solubility Product of Ti02 in Cu

The dissolution of titanium oxide particles in a Cu matrix can be
represented by the reaction:

TiO - Ti + 20 , AG (Cl)
2(Cu) (Cu) (Cu) s

The knowledge of the free energy change accompanying this reaction as a function
of temperature is important for two reasons. First of all, the enthalpy of solution
of the titanium oxide in Cu can be evaluated and secondly the solubility product of
the compound precipitate can be estimated.

The thermodynamic properties for the ternary Cu~Ti-O solution are limited
in the literature. To evaluate the free energy change for the dissolution of
titania in Cu from the available thermodynamic data, it is therefore necessary
to make certain simplifiving agsumptions. One is that the Cu-Ti-O system
behaves as a regular solution and the other that the mutual interactions between
the atoms of oxygen and titanium dissolved in Cu are to be neglected. The
free energy change for the reaction represented by equation (Cl) can then
be estimated from Hess' law of summation of the following individual reactions:

1. The dissociation reaction of TiO2 into its compconents which
(s)

are in its pure standard state

, AG° (c2)

'I'J.O2 = Ti 1

+ O
(s) (s) 2(g)

2. The dissolution of pure titanium in Cu.

Ti gy = Thicyr 86gy (C3)

3. The dissolution of gaseous oxygen in Cu.

ZAG9 (C4)

%29y = L(cuy’




The free energy change for the reaction of interest, represented by the

equation (Cl) is obtained by the summation as follows:

= o G G
G, = 4G, + AGH + 24G, (c5)

AG?, the standard free energy of dissociation of TiO2 at some absolute

temperature, T, is known68 and can be represented as,
Aci = 218458 - 41.72T (ce)

For the evaluation of the free energy chance, AaTi’ the relative partial

molal enthalpy of Ti in solid copper, AﬁTi' is required. Since

(s)
the activity data in binary Cu-Ti solid alloys are not available, AﬁTi
cannot be readily evaluated. The estimation of the same quantity from the
=uivus lines of the Cu-rich and the o-Ti solid solutions is possible for
the dilute solution case if one neglects the formation of any intermediate

phases between the two terminal solid solutions. Using this approximation

and considering the equilibrium between the two solid solutions, the ratio of

the molefraction of Ti dissolved in Cu, Xég?;at) to the molefraction of Ti
in a-Ti, Xé??Z:L) is plotted as a function of the temperature and is found to

be linear. AﬁTi can thus be estimated from the slope of the curve to be

equal to -26090 Cal The entropy of solution of Ti in copper is
mole (s)
represented by, ASTi = =R 1n NTi' where NTi is the atom fraction of Ti.

Thus the free energy change for the reaction represented by equation (C3)
is
G.. = - + 4.57 , 7
AGTi 26090 4.575 T log NTl (C7)
The solubility of gaseous oxygen in solid copper has been treated in

some detail by Pastorek and Rapp.63 These authors determined from electro-

chemical measurements the solution enthalpy for oxygen in solid copper to be

equal to -10,000 Cal/mole. The excess entropy of solution of oxygen was given
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as equal to 9.1 k/atom (k = Boltzmann Constant) or 18 Cal/deg mole. The
solubility of oxygen in solid Cu was found to follow Sieverts law (solubility

proportional to the square-root of the partial pressure of oxygen gas) and

at Cu/Cu20 existence, the solubility was described by the following equation,
(s) _ 30200
NO = 26 exp ( RT ) (c8)

From equation (C8), the Sieverts law constant may be extracted knowing

that the partial pressure of oxygen, as a function of the temperature,

at Cu/Cu20 existence is given by,68 pg = 2.806 x 106 exp (- 32;?0).
: 2{9) -6 10000
Thus the value of this constant is equal to 9.265 x 10 exp (—TEF—q.

Hence for dilute solutions of oxygen gas in Cu, as long as Henry's law is

obeyed, the atom fraction of oxygen in solution with Cu may be expressed as,

N = 9.265 x 10°° exp (10000, p% (€9)
o RT % (g)

The free energy change for the reaction represented by equation (C4) can be
evaluated as,
2Aéo = 2(-10,000 + 4.575 TlogN -18T) (C10)

The free energy change for the reaction represented by egquation (Cl), AGS,
can now be evaluated by substituting the equations (C6), (C7), (Cl0) into the
equation (C5), i.e.,

AGs = 172,368 - 77.72 T + 4.575 T (1ogNTi + 2log NO) (C11)
If the matrix is saturated with titanium oxide, the reaction represented by
equation (Cl) is in equilibrium and the free energy change AGs given by
equation (Cll) can therefore be set to zero.

i.e., &G =0
s

16 172,368

; . . 2
Simplifying, (NTi)(NO) = 9,502x107" exp (- RT ) (C12)

It is now possible to calculate the atom fraction of Ti in solution with the

copper matrix containing TiO_ oxide particles as a function of the temperature

2

and partial pressure of oxygen, by substituting the expression for NO from

eguation (C9) in equation (Cl2). Thus,

Ny, = 1.107x10° exp(- 122368, __1 (€13

= poz (g)
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The effect of partial pressure of oxygen on the solubility of Ti in equilibrium

with the Tioz-saturated Cu matrix is such that as pO goes up, the solubility

2(qg)
of Ti goes down proportionately.
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Particle size distribution predicted after long
periods of time under conditions of diffusion-
controlled coarsening plotted from equation (24).

Particle size distribution predicted after a long
period of interface~controlled coarsening, plotted
from equation (29).
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Log-normal probability plots for particle size
distribution of Cu-0.25 wt pct Ti internally
oxidized and coarsened in vacuum at T = 954°C.
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Table 1 Solubility-Diffusivity Products
for Oxygen in Copper Cu=-29 wt% Ti

Temp. NéS)DO calculated from Ng 'Dp calculated from
Oc spherical part cm2/cm cylindrical part cmisec
700 1.36 x 10712 1.34 x 10712
750 1.11 x 1071 1.02 x 107t
800 5.39 x 1071 4.67 x 10711
850 1.16 x 10710 1.13 x 100

3. 10710 3.67 x 1010
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Table 4 Solubility Diffusivity Products for Oxygen
in Cobalt Calculated from Equation 13

T(°c) N.I(.‘ia) Nés) Do(cmz/sec)
900 0.0061 2.9 x 1022+ 2.7 x 10713
900 0.0124 2.7 x 102 + 2.0 x 10713
900 0.0370 2.3x 102 £ 2.5 x 10713
1000 0.0061 1.6 x 10 £ 1.1 x 10712
1000 0.0124 1.3x 10+ 1.6 x 10742
1000 0.0370 8.6 x 1012 + 6.4 x 10713
1080 0.0061 3.5 x 10 1.7 x 1072
1080 0.0124 3.0 x 1071 + 2.6 x 10712
-11 -12

1080 0.0370

sl




Table 5

Effect of Atmosphere on the Coarsening Rate
i and the Activation Energy of Coarsening of

TiO2 Dispersions in Cu

A. Vacuum Atmosphere

Temperature °C 905 954 1000

23
Coarsening Rate, sec 0.04 0.08 0.25 ‘
Activation Energy 53 + 8 E%%é

—
B. Cu/Cuy0 Atmosphere K

Temperature e 900 951 1000

03
Coarsening Rate, 2;; 0.02 0.13 0.56
Activation Energy 89.4 + 0.3 g%%% i




Table 6 Summary of Mechanical Properties

Cu-0.24 wt pct Ti

TSEP In;tialeield 0.2% Yigld uTs 2 % Elongation %

g /mm Kg/mm Kg/mm ;

750 15.7 16.6 28.0 23 |
800 14.5 15.5 27.0 24
850 14.2 14.5 25.6 23
900 13.1 13.8 24.7 26

Cu-0.47 wt pct Ti

800 20.1 20.7 28.7 le
850 18.2 19.4 29.2 24.9 ;
900 18.0 18.8 24.7 27

Cu-0.98 wt pct Ti

850 24.8 25.7 33.0 14
900 23.4 24.5 32.4 15
950 21.8 23.3 32.1 20

1000 16.9 18.1 28.5 13 ﬂ




